Acyl chains of de novo-synthesized phospholipids are subject to remodeling by replacement with different fatty acyl moieties [1] [2] [3] [4] [5] . Acyl chain remodeling contributes to the generation and maintenance of the diversity of the phospholipid molecular species that constitute biological membranes. In addition, it is widely accepted that inappropriate or damaged acyl chains of phospholipids are replaced with the proper fatty acids by acyl chain remodeling.
The remodeling of acyl chains requires the reacylation of lysophospholipids by acyltransferases, after cleavage of the acyl chains of phospholipids by phospholipases. Lysophospholipid acyltransferases of the 1-acylglycerol-3-phosphate O-acyltransferase (AGPAT) family and membrane-bound O-acyltransferase (MBOAT) family have been shown to be involved in acylation at the sn-2 positions of various 1-acyl-lysophopsholipids [2] [3] [4] [5] . In the yeast Saccharomyces cerevisiae, the MBOAT family acyltransferase Ale1 introduces acyl residues at the sn-2 position of various 1-acyl-lysophospholipids, including lysophosphatidylcholine (PC) [6] [7] [8] [9] [10] . It has also been shown that the AGPAT family acyltransferase Slc1 exhibits acyltransferase activity at the sn-2 position of various lysophospholipids [7] . In addition, an a/bhydrolase family protein, Ict1, and three triacylglycerol lipases, Tgl3, Tgl4, and Tgl5, have acyltransferase activity for certain species of 1-acyl-lysophospholipids [11] [12] [13] .
We have investigated the molecular mechanisms of acyl chain remodeling of PC and phosphatidylethanolamine (PE) in S. cerevisiae using systems, in which exogenous PC or PE containing short acyl residues of 8 or 10 carbons Abbreviations AGPAT, 1-acylglycerol-3-phosphate O-acyltransferase; HHPC, 1-hydroxy-2-hexadecyl-sn-glycero-3-phosphocholine; MBOAT, membrane-bound O-acyltransferase; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol.
(diC8PC and diC10PE) are incorporated into yeast mutants defective in the synthesis of PC or PE, respectively; their remodeling is evaluated by analyzing the metabolism of the incorporated phospholipids using mass spectrometry and by observing their growth [14] [15] [16] [17] [18] [19] . It was found that two short acyl chains at both sn-1 and sn-2 in diC8PC and diC10PE are replaced with acyl chains of normal length, 16 or 18 carbons, and used as membrane lipids in yeast, and that Ale1 and Slc1 are involved in the remodeling at the sn-2 position of diC8PC and diC10PE [15, 19] . In mammals, acyl chains at the sn-1 position of PC and PE have also been shown to be remodeled [20, 21] . In yeast, Caenorhabditis elegans, and mouse, acyltransferases that introduce a saturated fatty acid at the sn-1 position during the remodeling of phosphatidylinositol (PI) have been identified and characterized [22] [23] [24] , but enzymes that transfer acyl chains to the sn-1 position of other phospholipids, including PC, remain to be identified. The lack of knowledge about acyl chain remodeling at the sn-1 position of phospholipids is largely owing to the difficulties in studying the remodeling reaction at the sn-1 position. Acyl chains at the sn-2 position of 2-acyl-lysophospholipids, produced by the activity of phospholipase A 1 , tend to migrate to sn-1 positions [25, 26] , making it difficult to accurately evaluate acylation at the sn-1 positions of 2-acyl-lysophospholipids in vivo and in vitro. For evaluation of acyltransferase activity at the sn-1 position of a 2-acyl-lysophospholipid, it is effective to analyze acyltransferase activity using a lysophospholipid analog as a substrate, in which the hydrophobic moiety at the sn-2 position does not migrate to the sn-1 position. Here, we synthesized a lysophosphatidylcholine analog, 1-hydroxy-2-hexadecyl-sn-glycero-3-phosphocholine (HHPC), which is expected to be insusceptible to the migration of the hydrocarbon chain from the sn-2 to sn-1 position, and explored the mechanism of acylation at the sn-1 position of HHPC. HHPC supported the growth of a mutant, defective in PC synthesis, and acyl chains of physiological length were transferred to HHPC in yeast. Our in vivo and in vitro results suggest that Ale1 has the ability to introduce an acyl chain at the sn-1 position of HHPC.
Materials and methods

Strains and media
Saccharomyces cerevisiae strains used in this study are listed in Table 1 . KSY02 and PCY12G were used as strains defective in PC synthesis. ALE1 was deleted in PCY12G using kanMX4 as a marked. The deletion cassette was obtained by PCR from BY4741ale1D genomic DNA using primers, 5 0 -GTCTAACGGCTATTGCCAGC-3 0 and 5 0 -C GACCGTACCGCCATCT-3 0 . Deletion of ALE1 was confirmed by PCR. Yeast strains were grown in the YPD (1% yeast extract, 2% peptone, 2% glucose), SD (0.17% yeast nitrogen base without amino acid and ammonium sulfate, 0.5% ammonium sulfate, 2% glucose), YPG (1% yeast extract, 2% peptone, 2% galactose), or SG (0.17% yeast nitrogen base without amino acid and ammonium sulfate, 0.5% ammonium sulfate, 2% galactose) medium with appropriate supplements. Choline was added at a final concentration of 1 mM. HHPC was added to the SD medium at a final concentration of 50 lM with 0.1% Nonidet P-40.
Synthesis of HHPC
HHPC was synthesized as shown in Fig. 1 .
Compound 1 was synthesized as previously reported by Duclos [27] .
Compound 2
To a solution of 1 (4.37 g, 10.7 mmol) in benzene (80 mL) were added triethylamine (2.00 mL, 14.3 mmol) and 2-chloro-2-oxo-1,3,2-dioxaphospholane (1.20 mL, 13.1 mmol) at room temperature. After stirring overnight, the reaction mixture was concentrated under reduced pressure. The residue was filtered through a short silica gel column (hexane/ EtOAc = 0 : 1) to afford crude 2.
Compound 3
To a solution of crude 2 in CH 3 CN (100 mL) was added excess trimethylamine, and the reaction mixture was heated at 60°C. After stirring overnight, the reaction mixture was concentrated under reduced pressure. The residue was purified by silica gel column chromatography (CHCl 3 / MeOH = 2 : 1 to CHCl 3 /MeOH/H 2 O = 30 : 15 : 2) to afford 3 (3.14 g, 51% in 2 steps). can1-100 pem1::HIS3 pem2::hph P GAL1 -PCT1::nat1 PCY12Gale1D PCY12G Dale1::kanMX4
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HHPC
To a solution of 3 (2.6 g, 4.54 mmol) in MeOH (80 mL) was added 10 wt % Pd/C (500 mg), and the resulting solution saturated with H 2 gas. After stirring overnight, the reaction mixture was filtered through a pad of celite, and the filtrate was concentrated under reduced pressure. The residue was purified by silica gel column chromatography (CHCl 3 /MeOH/H 2 O = 30 : 15 : 2) to afford HHPC.
Measurement of growth
Cells from overnight culture in the SG medium containing 1 mM choline were shifted to the SD medium, SG medium with 1 mM choline, and SD medium containing 50 lM HHPC and 0.1% Nonidet P-40, and cultured for 24 h in the SD medium and SG medium containing choline or for 48 h in the SD medium containing HHPC at 30°C to reduce Pct1, choline, and/or PC, as reported previously [17] . Cells were suspended in 5 mL of the same medium at a starting OD 600 = 0.05, and were incubated at 30°C for 48 h. Growth curve was obtained with an automatically recording incubator TN1506 (Advantec, Tokyo, Japan).
Analysis of HHPC metabolites in vivo
For analysis of the HHPC metabolites, yeast cells from overnight culture in the SG medium containing 1 mM choline were suspended in SD medium with diC8PC and cultured at 30°C for 24 h to reduce Pct1, choline, and/or PC. Cells were suspended in the SD medium containing 50 lM HHPC with 0.1% Nonidet P-40 and incubated at 30°C. After incubation, cells were washed twice with PBS, and suspended in chloroform/methanol/water (2 : 4 : 1). After adding diC10PC as an internal standard at a concentration of 8 ng/OD 600 , cells were broken with glass beads. Lipids were extracted from organic layer by the method of Bligh and Dyer [28] , and analyzed by ESI-MS/MS. MS/MS spectra were obtained on API3000 triple quadrupole instrument (Applied Biosystem, Foster City, CA, USA), as described previously [15] .
In vitro acyltransferase reaction
Cells were cultured to logarithmic phase in YPD medium at 30°C. Cells were collected, washed with PBS, and disrupted in breaking buffer [25 mM Hepes-KOH (pH 7.4), 0.1 M KCl, 10% glycerol, 1 mM DTT, and 1% protease inhibitor cocktail (Sigma, St. Louis, MO, USA)] with glass beads. Lysates were centrifuged at 1000 g for 10 min at 4°C to remove cell debris and unbroken cells, and supernatants were used as crude cell extracts. The protein concentrations of the crude extracts were determined using Bradford reagent (Bio-Rad, Hercules, CA, USA).
The reaction mixture for in vitro remodeling reaction contained 25 mM Hepes-KOH (pH 7.4), 100 mM KCl, 10% glycerol, 1 mM DTT, 1% protease inhibitor cocktail (Sigma), 1 mM ATP, 175 lgÁmL À1 creatine kinase, 17.5 mM creatine phosphate, 0.4 mM palmitoleoyl-CoA, 5 lM HHPC, and cell extract (0.5 mg protein) in a total volume of 100 lL. The reaction was carried out at 30°C for 30 min and stopped by the addition of 6 volumes of methanol/chloroform (2 : 1) and vigorous mixing. Lipids were extracted by Bligh-Dyer method [28] after adding 100 ng diC10PC per sample as an internal standard and analyzed by ESI-MS/MS.
Results
Growth of the mutant defective in PC synthesis in the presence of HHPC HHPC was synthesized as described in Materials and methods (Fig. S1 ). It has been shown that 1-acyl-2-hydroxyl-sn-glycero-3-phosphocholine and 1-acyl-2-hydroxyl-sn-glycero-3-phosphoethanolamine support the growth of a yeast mutant, defective in the synthesis of PC or PE, respectively, and that these lysophospholipids were converted to PC and PE by acyl chain transfer, catalyzed by Ale1 in the cells [29, 30] . We first examined whether HHPC supports the growth of the mutant strain KSY02; in this strain, the promoter of PCT1, which encodes a CTP:phosphocholine cytidylyltransferase that is critical for PC synthesis in the Kennedy pathway, was replaced with the GAL1 promoter in a double deletion mutant of PEM1 and PEM2, which are involved in the methylation of PE to PC in the CDP-diacylglycerol pathway [17] (Fig. 1) . The KSY02 strain grew in the minimal medium containing galactose (SG) with choline, in which the transcription of PCT1 was activated. When the KSY02 strain was transferred from the SG medium to the minimal medium containing glucose (SD), in which PCT1 expression was repressed, the growth arrested after several cell divisions [17] . The time lag before the growth arrest could be because of residual Pct1, choline, and/or PC [17] . Therefore, the KSY02 strain was precultured in the SG medium containing choline or SD medium for 24 h, or in the SD medium containing HHPC for 48 h, and transferred to the same medium to measure the growth. As the KSY02 strain grew slightly more slowly in the SD medium containing HHPC than in the SG medium containing choline or the SD medium, the KSY02 strain was precultured longer in the SD medium containing HHPC than in the other media. The KSY02 strain grew in the SG medium containing choline, but not in the SD medium as reported previously [17] . When supplemented with 50 lM HHPC, the KSY02 strain grew in the SD medium, indicating that HHPC was incorporated into the yeast cells and used for PC synthesis.
Acyl chain transfer to HHPC in vivo and in vitro
We next analyzed the metabolism of HHPC, incorporated in the KSY02 cells, using ESI-MS/MS by a precursor ion scan for the product ion of m/z 184 in positive ion mode to detect the PC species. The KSY02 strain was precultured in the SD medium containing diC8PC, which has been shown to support the growth of this strain in the absence of PC synthesis [17] , to reduce cellular Pct1, choline, and/or PC, and transferred to the SD medium containing HHPC ( Fig. 2A,B) . In S. cerevisiae, palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), and oleic acid (C18:1) are the major fatty acid moieties of phospholipids, including PC [31] . From the transfer of these fatty acids to HHPC, it was expected that peaks would be observed at m/z 720.6, 718.6, 748.6, and 746.6, respectively. In the absence of HHPC (at 0 h), small peaks were detected at m/z 720.6, 718.6, 748.6, and 746.6, which are probably derived from membrane lipids in the crude extract ( Fig. 2A, white bars) . However, when the KSY02 strain was incubated in the SD medium containing HHPC, significantly higher amounts of the molecular species of m/ z 720.6 and 718.6 were detected ( Fig. 2A , grey and black bars). In contrast, the amount of normal PC species, containing two acyl chains of 16 or 18 carbons with or without a double bond, i.e., C32:0, C32:1, C32:2, C34:0, C34:1, C34:2, C36:0, C36:1, and C36:2, decreased with incubation, and these molecular species were not significantly detected after 24 h of incubation (Fig. 2B) . These results suggested that HHPC was remodeled to 1-acyl-2-hexadecyl-sn-glycero-3-phosphocholine in yeast cells and that these species support the growth of the mutant defective in PC synthesis. The acyltransferase activity to HHPC in the cell extracts of the wild-type strain was measured in vitro using palmitoleoyl-CoA as an acyl donor. The reaction product was quantitated using ESI-MS/MS. In the presence of HHPC, a significant peak was detected at m/z 718.6, while a small peak was detected in the absence of HHPC, similar to the results of the in vivo assay shown above (Figs 2A and 3) . These results raised the possibility that there is an enzyme that transfers an acyl moiety to the sn-1 position of HHPC in yeast.
Acyl chain transfer to HHPC by a MBOAT family acyltransferase
To identify the enzyme responsible for the transfer of an acyl moiety to HHPC, the acyltransferase activities in the extracts of the mutant strain were assessed as shown above; in the mutant strain, the ALE1 or SLC1 genes, which encode acyltransferases that have been shown to transfer acyl chains to the sn-2 position of various phospholipids [6] [7] [8] [9] [10] , were deleted (Fig. 3) . The acyltransferase activity for HHPC was significantly lower in the extract from the ale1D strain than in that from the wild-type strain. In contrast, a significant difference in the acyltransferase activity for HHPC was not observed in the extract from the slc1D strain compared with that of the wild-type strain. These results suggested that Ale1 is involved in the transfer of the acyl moiety to the sn-1 position of HHPC.
To assess the role of Ale1 in the transfer of an acyl moiety to HHPC in vivo, HHPC-dependent growth of the ale1D strain in the absence of PC synthesis was examined. As the cells of the KSY02ale1D strain showed a strong tendency to aggregate (data not shown), the ALE1 deletion mutant in another genetic background strain PCY12G [32] , which did not aggregate, was used. The growth of the PCY12G and PCY12Gale1D strains in the SG medium containing choline, SD medium, and SD medium containing HHPC was observed (Fig. 4A) . The PCY12Gale1D strain grew in the SG medium containing choline, but not in the SD medium, similar to the PCY12G strain. In contrast, the PCY12Gale1D strain showed growth retardation in the SD medium containing HHPC, compared with the PCY12G strain, suggesting that Ale1 is required for efficient growth in the HHPC-containing medium in the absence of PC synthesis.
Next, the HHPC metabolites in the PCY12G and PCY12Gale1D strains, cultured in the SD medium containing HHPC for 2 h, were analyzed using ESI-MS/MS (Fig. 4B) . For the PCY12G strain cultured in the presence of HHPC, four major peaks at m/z 720.6, 718.6, 748.6, and 746.6 were also detected. The amounts of the molecular species of m/z 720.6, 748.6, and 746.6 were significantly lower in the PCY12-Gale1D strain than in the PCY12G strain. In addition, the molecular species of m/z 718.6 also tended to be lower in the PCY12Gale1D strain compared with the PCY12G strain. These results suggested that Ale1 is involved in the transfer of acyl chains to the sn-1 position of HHPC.
Discussion
It has been known that a mechanism exists for the remodeling of acyl chains at the sn-1 position of PC [15, 20] , but the enzyme responsible for acylation at the sn-1 position of 1-hydroxy-2-acyl-sn-glycero-3-phosphocholine remains unclear. The results of this study suggest that Ale1, a MBOAT family acyltransferase that transfers acyl chains to the sn-2 position of 1-acyl-lysophospholipids in yeast, transfers an acyl moiety to the sn-1 position of HHPC. We propose a model, in which Ale1 is involved in the remodeling of acyl chains at both the sn-1 and sn-2 positions of PC in yeast. While LCYAT, an acyltransferase of the AGPAT family, transfers an acyl chain to the sn-1 position of lysophosphatidylinositol (lysoPI) during the acyl chain remodeling of PI [24] , it was also reported to have acyltransferase activity at the sn-2 position of various lysophospholipids, including lysoPI, lysocardiolipin, and lysophosphatidylglycerol in vitro [33] [34] [35] [36] . Thus, it is feasible that a single acyltransferase has the ability to transfer acyl chains to both the sn-1 and sn-2 positions of lysophospholipids. In the acyl chain remodeling of phospholipids, phospholipases are thought to be able to determine which sn position is remodeled, and therefore acyltransferases may not need to have specificities at sn positions. For the acyl chain remodeling of PC in S. cerevisiae, C16:0 fatty acid was preferentially transferred to the sn-1 position of 2-octanoyl-sn-glycero-3-phosphocholine, while C16:1 fatty acid was transferred to both the sn-1 and sn-2 positions to a similar extent [15] . In the analysis of the HHPC metabolites in yeast, larger amounts of the monounsaturated fatty acids (C16:1 and C18:1) were transferred to HHPC, compared with the saturated fatty acids (C16:0 and C18:0), respectively (Figs 2 and 4) . As HHPC contains a saturated hexadecyl chain at the sn-2 position, monounsaturated acyl chains might be preferentially transferred to the sn-1 position over saturated acyl chains to maintain the membrane fluidity of the yeast cells. In the rat liver, palmitic acid was preferentially transferred to the sn-1 position of acyl-sn-glycero-3-phosphocholine, whereas oleic acid was transferred more to the sn-2 position [20] . It is of great interest to examine whether MBOAT family acyltransferases of other organisms have the ability to transfer acyl chains to HHPC.
In in vivo and in vitro analyses of HHPC metabolism, significant peaks were detected at m/z 720.6, 718.6, 748.6, and 746.6 in the absence of HHPC (Figs 2-4) . Currently, the molecular species that these peaks stem from are unclear. These peaks might be derived from PC species containing acyl chains of odd numbers. It has been shown that odd-numbered fatty acids are produced in the metabolic pathway of phytosphingosine and incorporated into glycerophospholipids, including PC [37] . PC species with C31:0, C31:1, C33:1, and C33:1 fatty acids can be detected at m/z 720.6, 718.6, 748.6, and 746.6, respectively.
From the analysis of HHPC metabolites in yeast, C16:1 and C16:0 fatty acids, but not C18:1 and C18:0 fatty acids, were significantly transferred to HHPC in the KSY02 strain ( Fig. 2A) . In contrast, four major fatty acids were transferred to HHPC in the order of C16:1 > C18:1 > C16:0 > C18:0 in the PCY12G strain (Fig. 4B) . The difference in the profiles of the fatty acids transferred to HHPC may be related to the acyl chain profile of the PC species in these strains. The PC species C32:1 is the most abundant in the KSY02 strain, while the PC species C34:2 is the most abundant in the PCY02 strain (Fig. 2B 0 h and Fig. S2 ), indicating that PC species containing C16:0 and C16:1 fatty acids are prominent in the KSY02 strain, while C16:1 and C18:1 fatty acids are the preferred PC species in the PCY12G strain.
The acyltransferase activity toward HHPC in vitro decreased by 45% after the deletion of ALE1 (Fig. 3) , and a substantial amount of molecular species that was expected to be 1-palmitoleoyl-2-hexadecyl-sn-glycero-3-phosphocholine was detected in the ALE1 deletion mutant (Fig. 4B) , suggesting that other enzymes are involved in the transfer of acyl chains to HHPC. These enzymes could be identified by measuring acyltransferase activities using HHPC in mutants, in which genes encoding acyltransferases of the MBOAT and AGPAT families or enzymes predicted to have (closed symbols) strains in the SG medium containing choline (circles), SD medium (triangles), or SD medium containing HHPC (squares) was analyzed as described in Materials and methods. Data are mean AE SEM of three independent experiments. Statistical significance between PCY12Gale1D cultured in the SD medium containing HHPC and PCY12G cultured in the SD medium containing HHPC is shown. *P < 0.05, **P < 0.01 (unpaired t-test, two-tailed). (B) Metabolism of HHPC in the deletion mutant of ALE1. The PYC12G and PCY12Gale1D strains were incubated in the SD medium in the presence or absence of HHPC for 2 h as described in Materials and methods. Phospholipids were extracted and subjected to ESI-MS/MS analysis with precursor ion scan for m/z 184 in positive ion mode to analyze PC species. Amounts of molecular species of m/z 718.6, 720.6, 746.6, and 748.6 are shown. Data are mean AE SEM of three independent experiments. *P < 0.05, **P < 0.01 (unpaired t-test, two-tailed).
acyltransferase activities are deleted. In addition, the isolation and characterization of mutants that show defects in growth in medium containing HHPC in the absence of PC synthesis will contribute to the identification of the enzyme involved in acyl transfer to the sn-1 position of PC.
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